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FLIGHT-MEASURED AFTERBODY PRESSURE COEFFICIENTS
FROM AN AIRPLANE HAVING TWIN SIDE-BY-SIDE JET

ENGINES FOR MACH NUMBERS FROM 0.6 TO 1.6

Louis L. Steers
Dryden Flight Research Center

INTRODUCTION

Flight-measured performance has often differed significantly from that predicted
from wind-tunnel tests of small-scale models (refs. 1to 7). Many of the differences
can be attributed to the general limitations of wind-tunnel testing, such as the
difficulty in matching flight Reynolds numbers and the effects of tunnel wall reflec-
tions. Additional discrepancies are found in the wind-tunnel testing of afterbodies
because of sting support requirements that change the geometry of the model afterbody,
improper simulation of flow interference effects from adjacent stabilizing or control
surfaces, and improper simulation of the effects of airframe-exhaust interactions, which
are especially applicable to configurations with two side-by-side exhausts.

To help achieve a better understanding of the effects of scale, Reynolds number,
jet exhaust, and wind-tunnel supports on the determination of full-scale flight after-
body performance based on wind-tunnel testing, afterbody pressures were obtained
in the wind tunnel and in flight for the YF-17 aircraft, which has twin side-by-side
jet engines. First, wind-tunnel tests were conducted on a 0.1-scale model to obtain
comprehensive pressure data over the afterbody and nozzle regions, as described
in Wind Tunnel Results From a Nozzle Afterbody Test of a 0.1-Scale Fighter Aircraft
in the Mach Number Regime of 0.6 to 1.6, by Ernest J. Lucas (AEDC-TR-78-25,
Arnold Engineering Dev. Center, Arnold AFS, Tenn., June 1978). For these tests,
the model was supported alternately by a sting and by the wingtips so that the sting
support effects could be defined. Exhaust flow effects were also simulated using
unheated air. Later, similar tests were made using a 0.2-scale model, as described
in Wind Tunnel Results From a Nozzle Afterbody Test of a 0.2-Scale Fighter Aircraft
in the Mach Number Regime of 0.6 to 1.5, by Ernest J. Lucas (AEDC-TR-79-10,
Arnold Engineering Dev. Center, Arnold AFS, Tenn., May 1979).



Following the 0.1-scale model tests, similar data were obtained on the full-scale
YF-17 aircraft. The 3-month flight program was conducted by the U.S. Air Force,
the U.S. Navy, the manufacturers of the airframe and engines, and the NASA Dryden
Flight Research Center. Afterbody pressures were measured over the left boattail
of the YF-17 fuselage and over the external surfaces of the left engine and exhaust
nozzle. The data were obtained from 10 flights at Mach numbers ranging from 0.60
to 1.60 and altitudes from 2300 meters (7500 feet) to 15,200 meters (50,000 feet). The

Reynolds number based on fuselage length ranged from approximately 0.60 X 108 to

2.60 X 10°.

This report presents the results of the flight program.
SYMBOLS

Physical quantities in this report are given in the International System of Units
(SI) and parenthetically in U.S. Customary Units. The measurements were taken in
Customary Units. Factors relating the two systems are presented in reference 8.

AE L left nozzle exit area, cm2 (inz)

AER right nozzle exit area, cm2 (inz)

ALPHA angle of attack, deg

AN CG normal acceleration at the center of gravity, g
BCL bottom centerline of vehicle

BETA angle of sideslip, deg

cp pressure coefficient, }—)L:—a(fﬁ-z—)
DAL deflection of left aileron, deg
DEL P fuselage reference static pressure minus nose-boom reference

static pressure, N/m2 (lb/inz)

DH L deflection of left horizontal tail, deg
DR L deflection of left rudder, deg

DSB speed brake deflection, deg

H pressure altitude, m (ft)

L reference fuselage length, cm (in.)



M Mach number

NPR nozzle pressure ratio (calculated from manufacturer-supplied engine
performance tables)

PHI circumferential location measured clockwise from vertical (fig. 4), deg
PL local pressure, N/m2 (lb/inz)

PS1 free-stream static pressure, N/m2 (lb/ftz)

PS 2 static reference pressure, N/m2 (lb/ftz)

dynamic pressure, N/m2 (lb/ftz)

R Reynolds number based on fuselage length of 1804.87 ecm (710.58 in.)
RN unit Reynolds number, per m (per ft)

TCL top centerline of vehicle

w gross weight, kg (Ib)

X fuselage station, cm (in.)

DESCRIPTION OF YF-17 AIRPLANE AND TEST CONFIGURATION

The YF-17 airplane (fig. 1) is a lightweight fighter prototype with twin canted
vertical tails located forward of the horizontal tail. The airplane incorporates an
all-movable horizontal stabilizer, programed leading and trailing edge flaps, and
conventional ailerons. A three-view drawing of the YF-17 airplane is shown in
figure 2, and complete descriptions of the airplane and its physical characteristics
are included in references 9 and 10.

The propulsion system consists of two side-by-side YJ101-GE-100 low-bypass-
ratio turbojet engines with afterburners. The engines are installed in twin ducts
having fixed geometry inlets and variable area exhaust nozzles. The iris-type
exhaust nozzles have a plate and leaf arrangement that provides the proper nozzle
area for nonafterburning and afterburning engine operation.

Boattail pressure coefficients were obtained for the left fuselage afterbody and
nozzle (fig. 3, shaded area). There were 39 flush orifices distributed over the
fuselage afterbody and 32 orifices on the outer surface of the nozzle. The locations
of these orifices are shown in figure 4. All orifices were positioned on the airplane
to match the selected orifice locations on the 0.1-scale wind-tunnel model as closely
as structurally practical.



The orifice rows along the fuselage at several circumferential locations were
located as far forward as was practical in order to define the upstream flow conditions.
All pressure orifices were flush with the local surface, and the orifice edges were
sharp and free of burrs.

There are several features of the full-scale airplane that complicate the problem
of flow simulation on small-scale models. The features having the most significance
are: the flush, screen-covered, engine bay purge exhausts, which are 11.43 centi-
meters (4.5 inches) by 27.94 centimeters (11 inches) and are located on the top and
bottom centerlines of each engine bay (fig. 5); the compressor face bleed opening on
the upper fuselage surface (fig. 5); and the oil drain and oil overflow protuberances
on the lower fuselage surface. Table 1 lists the protuberances that existed on the
full-scale vehicle near the pressure orifices. These protuberances were not sim-
ulated on the 0.1-scale and 0.2-scale models.

INSTRUMENTATION

Two 48-port multiplexing valves (Scanivalves), each having a differential
pressure transducer, were installed in the engine bay and used to measure the
pressures for the afterbody orifices. Static orifices on the airplane's nose boom were
used as the reference pressure source for these transducers. The pressure source
was monitored by a digital precision absolute pressure transducer contained in an
environmentally controlled compartment. The pressure measurements for each Scani-
valve were made in such a way that for at least one Scanivalve port, both sides of the
transducer were exposed to the reference pressure. This procedure provided in-
flight zero readings, which substantially reduced the uncertainty of the differential
pressure measurements.

The total and static pressure measurements obtained from the nose boom, as
described in references 11 and 12, were also used to calculate the free-stream Mach
number.

The aircraft angle of attack measurements were taken from vanes located on the
cheeks of the fuselage. The angles were calibrated through the digital air data
computer (DADC). The angle of sideslip was obtained from a vane on the nose boom.

The positons of all the control surfaces (ailerons, horizontal stabilizers, speed
brake, leading and trailing edge flaps, and rudder) were recorded with an onboard
10-bit pulse code modulation (PCM) system., Other parameters, such as nozzle exit
area and gross weight, were also recorded on the PCM system, as were the values
from the two Scanivalves which measured all the surface pressures.



DATA UNCERTAINTY

The pressure coefficients in this study are based on the equation

_ PL - (PS2)

CP 0

The estimated uncertainty values for the pressure coefficients were determined by
the procedures given in references 13 and 14. In the following table, these uncer-
tainty values are compared with the scatter observed in the experimental values.

Estimated ACP ACP
M H, m (ft) ACP observed at observed at
AN CG = 1¢g AN CG > 1g
0.60 7,800 (25,700) +0.024 +0.005 | @ --m=--
0.60 12,200 (40,000) +0.048 +0.009 +0.020
0.90 8,400 (27,400) +0.014 +0.008 +0.009
0.90 15,200 (50,000) +0.035 *0.011 | @ -
1.20 7,600 (25,000) +0.006 +0.002 | = -===--

The calculations of the estimated uncertainties in the pressure coefficients
accounted for the uncertainty in the static pressure position error and the pressure
transducer uncertainty, including the effects of an estimated -6.6° C (20° F) uncer-
tainty in the transducer environment temperature. As can be seen from the preced-
ing table, the observed scatter bands are significantly smaller than the estimated band
of uncertainty , which indicates good repeatability of the measurements.

Each pressure coefficient data point included in this study was based on the
average of several Scanivalve cycles. This procedure reduces the scatter and is a
factor in the observed scatter's being small as compared with the estimated uncertainty .
Sufficient steady-state conditions were maintained during the data runs to minimize
the effects of lag on the data.

Based on the averaging procedure, the application of in-flight zero corrections,
and the careful avoidance of transient flight conditions, the estimated average uncer-
tainty of the pressure coefficients based on the flight data is +0.01 for 1g flight condi-
tions and *0.02 for the elevated g cases.

The manufacturer calibrated the pitot-static system using a combination of tower
flyby , pacer, and radar tracking runs. According to the manufacturer's YF-17 Test
Report (NOR 74-282, Northrop Corp., Jan. 1975), the maximum uncertainty in Mach
number after correcting for position error occurs at a Mach number of 0.975 and is
+0.035.



With the YF-17 aircraft, angle of attack can be obtained by two methods. One
method, the use of the nose-boom-mounted flight test vane, was not used in this study
because of problems encountered in the measurements. The second method is to
use the aircraft's angle of attack system. For this study, the measurements were
corrected through the use of the DADC. The angle of attack accuracy was considered
to be approximately *0.2° for the range of angles of attack used for the present study
(manufacturer's YF-17 Test Report, NOR 74-282).

FLIGHT CONDITIONS

For the subject tests, the Mach numbers ranged from 0.60 to 1.60 at altitudes
from 2300 meters (7500 feet) to 15,200 meters (50,000 feet). Unit Reynolds number

varied from 3.54 X 106 per meter (1.08 X 106 per foot) to 16.14 X 106 per meter

(4.92X 106 per foot), and the effective Reynolds number based on fuselage length

varied from 0.57 X 10° to 2.58 X 108,

Each test condition was stabilized and remained constant for approximately
1 minute prior to data acquisition. The automatic flap schedule, a mode for automat-
ically setting flaps without pilot input, was kept in the inactive mode in order to
limit the configuration variables.

The flight conditions flown to obtain the pressure coefficient data for the present
study are listed in table 2. The combination of speed and altitude forms a matrix of
constant Mach numbers and constant unit Reynolds numbers. This matrix of test
conditions was flown to correspond to the conditions tested for the 0.1-scale and
0.2-scale wind-tunnel models.

PRESENTATION OF THE DATA

The afterbody pressure coefficients derived from the pressure measurements for
the flight conditions in table 2 are listed in table 3 in a form convenient for comparison
with wind-tunnel data. The flight conditions, such as Mach number, dynamic pressure,
and control surface positions, are also identified in the table. Selected data from this
table are presented in the next section for a general discussion of parameter effects
on the pressure coefficient.

RESULTS AND DISCUSSION

A typical time history for three pressure orifices located at X/L = 0.99 is presented
in figure 6. The figure shows that the maximum deviations of the pressure coefficient
data from the average values (solid lines) are well within the uncertainty bands
(dashed lines). This result validates the steadiness of the flight data runs and helps
to verify the quoted accuracy.



Flight pressure coefficients obtained from four representative circumferential
locations at three Mach number conditions are shown in figure 7. At all three
Mach numbers presented, the flow over the afterbody tends to expand as the boattail
angle increases, then recompresses over the nozzle because of the high pressure
region at the nozzle exit. However, because the orifice row at PHI = 0° is in the
positive pressure field of the vertical tail from X/L = 0.84 to X/L = 0.94, the general
trend does not hold. In this region the flow is in compression, but after passing
the vertical tail trailing edge the flow follows the same trend as the flow at the other
orifice rows.

The data presented in figure 8 show the effect of angle of attack for the three
representative Mach numbers. The data indicate that for small angles of attack
(below approximately 5°) the influence of the aircraft's attitude on the flow over the
afterbody region is minimal throughout the Mach number range of this study, although
the influence of the vertical tail is again evident for the flow at PHI = 0°.

The effects of variations in NPR are shown in figure 9. For the nonafterburning

operating condition (AE L = 1484 cm2 (230 inz)) shown in figures 9(a) and 9(b),

the pressure coefficient is more positive than for the afterburning operating condition
shown in figure 9(c). Generally speaking, the increased NPR appears to affect only
the nozzle region.

Reynolds number variations within each Mach number presented in figure 10
show that the pressure coefficients fall within their repeatability bands. No direct
Reynolds number effect is indicated by this figure.

The afterbody pressure data presented in figures 7 to 10 show the effects of some
flight dependent parameters for a few of the test conditions given in table 2. The
data from the present study (table 3), along with the data from the wind-tunnel tests
of the 0.1-scale and 0.2-scale models, add to the data bank for evaluating nozzle
afterbody wind-tunnel test techniques.

Dryden Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., May 29, 1979
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TABLE 1.—LOCATION OF SURFACE PRESSURE ORIFICES
RELATIVE TO POTENTIAL INTERFERENCE SOURCES AND PROTUBERANCES

Orifice location relative to aircraft

Orifice location relative to

X/L PHI, deg interference source protuberance
0.84 0 25 em (10 in.) aft of bleed door
0.90 18 em (7 in.) aft of access plate
0.94 8 em (3 in.) ahead of bay purge bleed
0.83 180 13 ecm (5 in.) ahead of oil drain
0.88 18 cm (7 in.) aft of two oil drains
0.93 15 em (6 in.) ahead of access panel
0.86 225 Halfway between two sets of
four screws each
0.88 scm (2in.) aftof and 3 em (1in.)
above discontinuity
0.96 Behind horizontal stabilizer
0.88 Behind horizontal stabilizer
0.91 315 15 em (6 in.) aft of trailing edge
of rudder )
0.93 * 15 cm (6 in.) aft of gap
0.96 * In valley between engines

10

*Located at top centerline of vehicle (TCL).




TABLE 2.—FLIGHT TEST CONDITIONS

AN CG, M H.m (ft) ALPHA,
g deg
1 0.620 2,460 (8,070) 1.1

0.610 2,470 (8,090) 2.1
0.610 7,590 (24,900) 3. 4%
0.610 7,620 (25,000) 3.6
0.600 10,120 (33,200) 6.0
0.640 12,300 (40,400) 6.4
0.640 12,300 (40,400) 6.5
0.640 12,300 (40,400) 6.5%
0.640 12,130 (39,800) 7.0
0.610 12,150 (39,900) 8.0
0.600 12,090 (39,700) 8.8
0.820 3,000 (9,700) 1.1
0.810 6,000 (19,800) 1.5
0.900 3,200 (10,500) 0.9
0.910 5,530 (18,100) 0.9
0.900 8,530 (28,000) 1.4
0.900 8,390 (27,500) 1.4%
0.930 12,780 (41,900) 2.6
0.900 12,860 (42,100) 2.7%
0.910 15,260 (50,100) 3.6
0.890 15,190 (49,800) 4.0
1.190 7,510 (24,600) 0.7
1.180 7,910 (25,900) 0.8
1.170 9,280 (30,500) 1.5
1.170 12,000 (39,300) 2.1
1.250 15,210 (49,900) 2.9
1.590 10,990 (36,100) 0.8
1.470 12,160 (39,900) 1.3*
Y 1.580 12,750 (41,800) 1.4

*Flight test points that correlate most closely with
wind-tunnel conditions.
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TABLE 2.—Concluded

AN CG, M H.m () ALPHA
g deg
1.2 0.900 14,840 (48,700) 4.0
0.960 14,980 (49,100) 4.4
0.960 15,160 (49,700) 4.5
1.240 14,910 (48,900) 0
1.240 15,140 (49,700) 3.1*
1.3 0.890 15,150 (49,700) 5.8%
2 0.600 3,030 (10,000) 2.4
0.620 2,970 (9,700) 3.1%
0.630 5,400 (17,700) 4.2
0.600 5,240 (17,200) 5.4
0.620 7,630 (25,000) 6.5%
0.910 4,070 (13,400) 1.4%
0.930 8,230 (27,000) 2.4
0.880 8,340 (27,800) 2.6*
0.870 8,510 (27,900) 2.6
0.950 . 12,870 (42,200) 4.8
1,200 7,860 (25,800) 2.1%
1.180 8,160 (26,800) 2.1
1.190 12,230 (40,100) 3.0%
\J 1.180 12,520 (41,100) 3.9%
4 0.628 2,380 (7,800) 4.9
0.621 2,460 (8,100) 5.7
0.590 2,640 (8,700) 6.2%
0.920 3,210 (10,500) 2.1
0.920 3,940 (12,900) 2.5%
0.880 7,690 (25,200) 4.5%
\J 1.150 6,940 (22,800) 3.0%

*Flight test points that correlate most closely with

wind-tunnel conditions.
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Figure 1. YF-17 aircraft.

Bay purge
exhaust

- 16.00 (52.5)

Figure 2. Three-view drawing of YF-17 airplane.
Dimensions are in meters (feet).



Figure 3. Rear view of instrumented region (shaded area) on left fuselage
and nozzle.

69



S )
©c & v B
> 1%

ERESE

wy

O Ny @ o
SN ®
rOBUB

- o
Te_
o

/

315

(a) Aft view looking forward.
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I l | I l I l 1
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100 200 300 400 500 600 700 800
Fuselage station, in.

PHI = 225° \_Pre.ss.””’

orifice

| | | | ]
400 800 1200 1600 2000

Fuselage station, cm

(b) Orifice locations for PHI = 0° and 225°.
L =1804.87 cm (710.58 in.).

Figure 4. Concluded.
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Bay purge
exhast

Figure 5. Bay purge exhaust, compressor face bleed,
and surface pressure orifices at PHI = 0°,

o

E 30543



O  Flight
— Average value
=Z=Z Uncertainty band

A0 Py = 135°

CP .05 —0—0O—7 0 O—(=©0

10 pHj = 180°

CP .5=00—0 0o 0000

101 pHI = 225°

CP .05

N N I U I
0 1 2 3 4 5 6 71 8
Scanivalve cycle

Figure 6. Typical stability of
pressure at X/L = 0.99 for
three circumferential locations.

M=0.908, R =2.25% 105,

AN CG = 0.95g.
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Nozzle connect

. station
“I PHI=0° |
1 | O
0 (@)
cP o l P'gc',
'.]. <>; o 450 .
o OE! 315 Vertical
-2 O | ( /_ tail
I —EFO—~
2 orizontal
. ° ° tai
i = 135° | & % 157l
CP 0 6%
-1 Feo)
2 -
| PHI = 180 ‘ : J
CP 0 —0
o o) o !
-1 |§)
-2 ©
2
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D (@) o O p
-1 5
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XIL
8

(a) M =0.610, ALPHA =3.60°, R =1.22X 10",
NPR =1.84, and DH L = -1.10°.

Figure 7. Representative pressure coefficients for
four radial locations.
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Nozzle connect

) station
1 PHI=0° L o
1
|
0 S I © PHI
00
CP-.1 1 45° .
° Vertical
| 1
-2 S0 3 ( o
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.2 5
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CP 0
i, 10 o) o) |(9
: a
-2 |
2 |
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P oo 5
- 1 D O
o
-.2
8 1.0

.9
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(b) M =0.910, ALPHA = 0.90°, R = 2.26 X 10%,

NPR = 3.32, and DH L = -0.88°.

Figure 7. Continued.
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Nozzle connect

station
PHI =0° )
O 0_+*
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1 @ 0°
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(c) M =1.190, ALPHA = 0.70°, R = 2.41X 105,

NPR =5.92, and DH L = 0.22°.

Figure 7. Concluded.



ALPHA, DH L,
M deg R NPR - eg
O 0610 2.10 2.11x10° 1.98 -0.54
O 0.620 3.10 2.00 1.86  -1.09
O 0.600  5.10 2.0 2.19 -2.01
Nozzle connect
) station
“I PHI=0° :
: N PHI
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cpP ° 45° ertica
-1 87 o W ™" i
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(a) M=~ 0.60.

Figure 8. Effect of angle of attack on pressure coefficients
for four radial locations.
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(b) M=~ 0.90.

Figure 8. Continued.
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M ALPHA, DH L,
deg R NPR deg
O 1.190 068 2.41x10° 592 0.2
O 1.180 2.11 2.34 6.3 -1.87
O 1.150 2.98 2.49 5.78 -4.62
Nozzle connect
station
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(c) M~ 1.2,

Figure 8. Concluded.



ALPHA, DHL,
MoONPR T R deg
O 0.600 2.02 5.44 1.55x10° -1.63
O 0.640 3.24 6.96 0.72 -1.44
Nozzle connect
station
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(a) M =~ 0.60, nonafterburning condition.

Figure 9. Effect of nozzle pressure ratio on pressure
coefficients for four radial locations.



W npr  ALPHA, R DH L,
deg deg
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O 0900 3.79 2.73 0.9l -1.34
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(b) M =0.90, nonafterburning condition.

Figure 9. Continued.
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(c) M =1.20, afterburning condition.

Figure 9. Concluded.
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(a) M=~ 0.60.

Figure 10. Effect of Reynolds number on pressure
coefficients for four radial locations.
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Figure 10. Continued.
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Figure 10. Concluded.
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